State-dependent interactions in ultracold $^{174}$Yb probed by optical
  clock spectroscopy by Franchi, L. et al.
State-dependent interactions in ultracold 174Yb
probed by optical clock spectroscopy
L. Franchi1,2, L. F. Livi3,2,4, G. Cappellini1,2,4, G. Binella1,
M. Inguscio4,1,3, J. Catani4,2,3, L. Fallani1,2,3,4
1Dipartimento di Fisica e Astronomia, Universita` degli Studi di Firenze, Via G.
Sansone 1, I-50019 Sesto Fiorentino, Italy
2INFN Istituto Nazionale di Fisica Nucleare, Sezione di Firenze, Via G. Sansone 1,
I-50019 Sesto Fiorentino, Italy
3LENS European Laboratory for Nonlinear Spectroscopy, Via N. Carrara 1, I-50019
Sesto Fiorentino, Italy
4INO-CNR Istituto Nazionale di Ottica del CNR, Sezione di Sesto Fiorentino, Via N.
Carrara 1, I-50019 Sesto Fiorentino, Italy
E-mail: cappellini@lens.unifi.it
Abstract. We report on the measurement of the scattering properties of ultracold
174Yb bosons in a three-dimensional (3D) optical lattice. Site occupancy in an
atomic Mott insulator is resolved with high-precision spectroscopy on an ultranarrow,
metrological optical clock transition. Scattering lengths and loss rate coefficients for
174Yb atoms in different collisional channels involving the ground state 1S0 and the
metastable 3P0 states are derived. These studies set important constraints for future
experimental studies of two-electron atoms for quantum-technological applications.
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1. Introduction
Ultracold neutral atoms are among the leading experimental platforms for the
development of quantum technologies. Specifically, they offer vast opportunities
for the engineering of synthetic many-body quantum systems, resulting in both the
possibility to realize exact implementations of fundamental theoretical models – in
a quantum simulation perspective – and to achieve new ”extreme” states of matter
[1]. Experimental tools like optical lattices provide a prime method to control the
atomic motion, laying a direct connection with solid-state physics [2]. Remarkably,
the interactions between the particles, and even new types of ”synthetic” couplings
with artificial fields, can be controlled by exploiting atomic-physics and quantum-optics
techniques involving the manipulation of the internal atomic states.
Two-electron atoms, like alkaline-earth atoms and closed-shell rare-earth or
lanthanide elements (such as ytterbium), feature a considerably large, accessible internal
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Hilbert space, with new advanced possibilities of quantum control, adding new tools to
the quantum simulation [3] and quantum information [4] toolboxes. Specifically, these
atoms are characterized by long-lived electronic states (with lifetimes exceeding tens of
seconds), that can be accessed by exciting the atoms on ultranarrow optical transitions.
In particular, the optical clock transition connecting the ground state g = 1S0 to the
long-lived state e = 3P0 has been used in the last two decades to engineer the best atomic
clocks up-to-date, now outperforming conventional atomic clocks by several orders of
magnitude [5, 6].
Besides the metrological application, coherent manipulation of the electronic state
opens new routes for the production of artificial magnetic fields [7] and, indeed, recently
allowed for the demonstration of both spin-orbit coupling and tunable synthetic flux
ladders [8, 9], successfully extending the concept of synthetic dimensions [10, 11, 12]
towards a new implementation. Recent experiments with fermionic strontium and
ytterbium showed the possibility to take advantage from the interplay between the
electronic degree of freedom and the nuclear spin, resulting in novel effects such as two-
orbital spin-exchange [13, 14] and interaction tuning with a new kind of orbital Feshbach
resonances [15, 16, 17], possibly leading the way to novel states of matter [3, 18].
Most of these applications crucially rely on the scattering properties of atoms
in different electronic states. While state-dependent scattering lengths for strontium
[19, 20] and fermionic 173Yb [13, 14] have been thoroughly characterized, a similar
study for the bosonic isotopes of ytterbium is still lacking. Knowing the state-dependent
scattering properties of two-electron atoms is also highly relevant for the development
of optical atomic clocks, especially for clocks based on bosonic isotopes, where low-
temperature collisions cannot be prevented by the preparation of the atomic sample in
the same initial internal state.
Here we are reporting on high-resolution clock spectroscopy of 174Yb bosons trapped
in the lowest band of a 3D optical lattice in a Mott insulator state. These studies allow
us to resolve the site occupancy in the Mott state and use this information to determine
scattering lengths and loss rate coefficients for collisions involving atoms in the e state,
that were previously unknown.
2. Experimental setup
To address the clock transition we start preparing a Bose-Einstein condensate (BEC)
of ∼ 2 × 105 174Yb atoms via evaporative cooling in a crossed optical dipole trap with
trapping frequencies ωx,y,z = 2pi × (92.8, 72.6, 86.3) Hz. At the end of the evaporation
stage the degenerate gas is loaded into a 3D cubic optical lattice operated at the magic
wavelength λL = 759.35 nm [21], in order to have the same polarizability for the g
and the e states. The lattice depth, measured in units of the lattice recoil energy
Er = ~2k2L/2m (where ~ is the reduced Planck constant, m is the atomic mass and
kL = 2pi/λL), can be tuned up to s = 40. Once the lattice is loaded, the crossed
optical trap is adiabatically turned off and the atoms remain trapped only by the lattice
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Figure 1. Rabi oscillation after selective excitation of the singly-occupied sites of
an atomic 174Yb Mott insulator in a deep 3D optical lattice. The number of g atoms
remaining after the clock excitation pulse is reported as a function of the pulse duration.
The incomplete depletion that we observe at the pi pulse (after approx. 20 ms) can be
explained by the presence of multiply-occupied lattice sites that are not probed in this
measurement.
beams, in a Mott insulator state. After this process we end up with a sample consisting
of ∼ 1.2× 105 atoms, a number that can be further controlled by changing the waiting
time in the lattice after the optical trap has been turned off.
Spectroscopy is then performed illuminating the atoms with a 578 nm, pi-polarized,
laser pulse, resonant with the |g〉 → |e〉 clock transition. Being this transition strictly
forbidden for bosons, the coupling is artificially induced [22] by a magnetic field which
ranges from 55 to 175 G, depending of the specific experiment. The excitation in the 3D
lattice is performed in the Lamb-Dicke regime, with lattice depths spanning from s = 15
to s = 40. The linewidth of our clock laser [23] is estimated to be a few tens of Hz on
the timescale of the atomic excitation, as it allows to resolve spectroscopic features with
a frequency width of a few tens of Hz. Figure 1 shows a Rabi oscillation of the atomic
population, showing a coherence time in the atom-laser interaction clearly exceeding
100 ms. As the overall spectrum is recorded on a timescale of about 20 minutes, from
the same data we can obtain information on the long-term stability of the laser during
this measurement, with an estimated drift < 2 Hz/min.
3. Experimental spectra and determination of state-dependent scattering
lengths
In order to acquire the spectra, the atoms are probed with long interrogation pulses
extending from 500 ms to 1.5 s, depending on the specific experiment. The number of
atoms remaining in the ground state is then recorded as a function of the laser frequency,
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Figure 2. Clock spectroscopy of an 174Yb atomic sample in a 3D optical lattice.
All the graphs report the fraction of g atoms remaining after the clock excitation
pulse. a) In a typical spectrum we observe several evenly-spaced resonances, that
we attribute to an interaction energy shift depending on the number of particles
contained in each lattice site. The origin of the frequency axis has been chosen to
match the position of the highest-energy resonance. b) Clock spectroscopy performed
after the application of a photoassociation (PA) pulse, which removes the atoms in
multiply-occupied sites, allowing the unambiguous identification of the resonance in
singly-occupied sites, corresponding to the unshifted g − e transition frequency. c)
Clock spectroscopy performed for different numbers of atoms contained in the sample.
As the atom number is decreased, the relative weight of the lower-energy resonances
decreases, in agreement with the identification of the highest-energy resonance with
the excitation of singly-occupied sites.
causing the spectroscopic signal to appear as a decrease in the atom number. Figure 2a
reports a typical spectrum acquired for a sample of ∼ 5 × 104 atoms trapped in a 3D
optical lattice with s = 30. The spectrum is characterized by several resonances that
we ascribe to processes where a single g atom in a lattice site occupied by n particles
is excited to the e state, a transition that we represent with the |(n)g〉 → |(n − 1)g e〉
notation. We identify the highest-energy resonance in the spectra as the excitation of
the |g〉 → |e〉 process in singly-occupied sites. This attribution is justified by the results
of two different experiments in which we probe the transition by eliminating multiply-
occupied sites in the lattice and by changing the total number of atoms in the sample,
respectively.
In a first experiment (figure 2b) a photoassociation (PA) pulse is shone before the
clock spectroscopy, leaving in this way a sample containing only singly-occupied sites.
PA is performed using a 5-ms-long pulse having a frequency red-detuned by 20 MHz
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with respect to the MOT frequency [24] and an intensity of 3×10−3 W mm−2. No other
resonances with the exception of the highest-energy one are observable in the resulting
spectrum, which demonstrates the validity of our hypothesis.
In a second experiment (figure 2c) we perform spectroscopy on samples containing
different atom numbers. As the atom number is lowered (and the mean number of
particles in each lattice site is reduced) the relative weight of the lower-energy resonances
decreases, which indicates that these processes can be attributed to |(n)g〉 → |(n−1)g e〉
transitions with n > 1. On the other hand, the weight of the highest-energy resonance
increases as the atom number is reduced, which signals an increased relative number of
singly-occupied sites, further confirming the validity of our hypothesis. In additional
Rabi oscillation measurements, we have validated our attribution of the particle numbers
associated to the n > 1 resonances (sketched in figure 2), by verifying that the Rabi
frequency associated to the different resonances scales with the expected behavior
Ωn =
√
nΩ1 [25].
These results indicate that it is possible to use the optical clock transition of Yb
to perform an accurate spectroscopy of an atomic Mott insulator state, with a similar
approach to those reported in Refs. [26, 27] by using different radiofrequency or optical
transitions.
3.1. Measurement of e-g scattering length
The identification of the various resonances observed in figure 2a represents the starting
point for the determination of the s−wave scattering length aeg in 174Yb, whose value has
still not been reported, to our knowledge. We determine this quantity by measuring the
interaction shift ∆Ueg = Ueg − Ugg, that can be obtained from a fit of the experimental
spectra as the energy difference between the centers of the n = 2 and of the n = 1
resonances, respectively labeled as (2) and (1) in figure 2a. In the framework of the
Bose-Hubbard model, ∆Ueg is related to the scattering length aeg by the following
relation:
∆Ueg =
4pi~2
m
(aeg − agg)
∫
w4(r) dr , (1)
where agg is the scattering length for two ground-state atoms and w(r) are the Wannier
functions. The values of ∆Ueg measured for several depths of the 3D lattice are reported
in figure 3 (blue points). The experimental data have been fitted with equation 1, leaving
the differential scattering length aeg − agg as the only free parameter. The result of the
fit (solid line) corresponds to a best-fitting value
aeg − agg = −10.19 (0.13) a0 . (2)
Combining this determination with the known value of agg = +104.9 (1.5) a0 reported
in Ref. [28] results in a value for the g − e scattering length
aeg = +94.7 (1.6) a0 . (3)
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Figure 3. Interaction shifts of the clock transition frequency for n = 2 (blue) and
n = 3 (red) interacting 174Yb atoms, relative to the single-particle excitation frequency.
The solid blue curve is a fit of the n = 2 experimental data with equation 1. The solid
red curve is the calculated shift for n = 3 assuming the results of the previous fit to the
n = 2 data and taking into account only two-body interactions. The dashed curve is a
simultaneous fit of the two experimental datasets taking into account, in an effective
way, the energy correction for three-body elastic interactions reported in Ref. [29] (see
text for more details).
In figure 3 we also plot the interaction shift of the n = 3 resonance (labeled as (3)
in figure 2a) relative to the n = 1 resonance (red points). If only two-body interactions
are taken into account, the total interaction energy of three interacting bosons should
be 3Ugg if the particles are all in the g state and Ugg+2Ueg if one atom is excited to the e
state. This means that we expect the interaction energy shift to be 2(Ueg−Ugg) = 2∆Ueg,
i.e. twice that measured for the n = 2 case. However, the expected shift (solid red
line in figure 3), evaluated on the basis of the previous determination of aeg, clearly
deviates from the experimental points. We ascribe this deviation to an additional
energy correction arising from elastic three-body effective interaction. This correction
was introduced in Ref. [29] for the case of n indistinguishable interacting bosons in the
lowest vibrational state of a 3D optical lattice, and was observed experimentally in Refs.
[29, 30]. Following the derivation of [29], for three particles in the same quantum state,
at the first perturbative order, this correction reads
δU3(a, s) =
β U2(a, s)
2
~ω(s)/(2pi)
, (4)
where U2(a, s) is the two-particle interaction energy, which depends on the scattering
length a and the lattice depth s, ω(s) is the harmonic frequency characterizing the
confinement within one lattice site and β = −1.34 is a constant. This expression allows
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us to evaluate the correction to the interaction energy for the |ggg〉 state. For the |gge〉
state, however, the three interacting particles are not identical, and the theoretical
approach of Ref. [29] could not be adequate. If we assume that the three-body elastic
interaction in the |gge〉 state could still be described by equation 4, with an average
scattering length given by the geometric mean (aggaegaeg)
1/3, also the measured |ggg〉 →
|gge〉 interactions shifts can be used to estimate aeg. In particular, a combined fit of the
data relative to the two- and three-particles interaction shifts as a function of the lattice
depths gives now a very good agreement with both datasets (dashed lines in figure 3).
From the fit we extract the only fit parameter ∆aeg−gg = aeg − agg = −10.08 (0.05) a0,
which is consistent with the previous determination that does not rely on the knowledge
of the elastic three-body contribution.
3.2. Measurement of e-e scattering length
In our spectra, an increased coupling on the clock transition reveals the presence of an
additional resonance that lies at a higher energy than the single-particle one, as shown
in figure 4 (blue points), at a frequency difference ∆fee ' 160 Hz for s ' 30. We identify
this resonance with the two-photon process |gg〉 → |ee〉, which transfers two particles
trapped in the same lattice site from the |gg〉 to the |ee〉 state, via an intermediate |ge〉
state.
The two-photon nature of this excitation is validated by a two-frequency
spectroscopy experiment in which the transition is excited by a clock laser with two
frequency components f+,− = f ± δf simultaneously probing the atomic sample. The
result of this experiment, performed fixing δf = 800 Hz and scanning f , is reported in
figure 4 (red points). The broad excitation profiles at the edges of the spectrum can be
identified with two replicas of the single-photon absorption spectra, frequency-shifted
by +δf and −δf respectively, as expected for a single-photon excitation driven by
each of the two frequency components (the interactions sidebands are unresolved in this
spectrum because of a larger laser intensity resulting in an increased power broadening).
In addition, we still observe a weaker resonance at the same detuning ∆fee ' 160 Hz as
in the single-color spectrum, which is a strong indication of its two-photon nature. The
absence of frequency shift for this resonance can be explained if we assume that a pair
of atoms in the same lattice site absorbs simultaneously two photons with frequencies
f + δf and f − δf each, in such a way that the total energy transferred to the system is
2hf (where h is the Planck constant), as in the case of a two-photon transition occurring
for a single-color excitation.
The identification of the |gg〉 → |ee〉 resonance allows the experimental
determination of the interaction energy shift ∆Uee = Uee − Ugg from the energy-
conservation relation 2h∆fee = ∆Uee. Adopting an argumentation similar to the one
carried on in section 3.1, it is possible to link this interaction shift to the scattering
length aee via the relation
∆Uee =
4pi~2
m
(aee − agg)
∫
w4(r) dr . (5)
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Figure 4. Single-frequency (blue) and two-frequency (red) clock spectroscopy of an
atomic 174Yb sample trapped in a 3D optical lattice with s = 30. In the single-color
spectrum, we identify the weak resonance at positive detuning as a signature of the
two-particle/two-photon |gg〉 → |ee〉 process. This identification is confirmed by the
presence of a resonance having the same frequency in the two-color spectrum taken
at frequencies f − δf and f + δf (see text for more details). We note that the two-
color spectrum has been recorded at a higher laser intensity in order to make the
two-photon peak visible, causing the structure of the single-photon sidebands to be
unresolved because of power broadening.
Using this equation and averaging over several spectra (both single-color and two-color)
acquired at a mean lattice depth s = 29.3(0.3), we determine the differential scattering
length
aee − agg = +21.8 (1.8) a0 . (6)
Combining this measurement with the known value of agg = +104.9 (1.5) a0 reported in
Ref. [28] results in a value for the ee scattering length
aee = +126.7 (2.3) a0 . (7)
4. Detection of state-dependent inelastic collisions
In this section we present the measurement of the loss rate coefficients relative to the
e− g and e− e interaction channels.
In these experiments, we detect the atoms in the metastable 3P0 state (e) by
repumping them to the 3D1 state with a laser at 1389 nm. Atoms in the
3D1 state
State-dependent interactions in ultracold 174Yb probed by optical clock spectroscopy 9
Table 1. Summary of the measured s-wave scattering lengths of 174Yb for different
interaction channels involving the g = 1S0 and the e =
3P0 states (values in units of
the Bohr radius a0).
Scattering channel Measured value Reference
agg +104.9 (1.5) [28]
aeg +94.7 (1.6) This work + [28]
aee +126.7 (2.3) This work + [28]
aeg − agg −10.19 (0.13) This work
aee − agg +21.8 (1.8) This work
can decay to any of the 3PJ (J = 0, 1, 2) states: while the atoms decayed to the
3P0
state undergo another repumping cycle, atoms in the 3P1 state decay to the ground
state 1S0 (in less than 1 µs), where they can be then detected. A small branching ratio
limits the number of atoms lost into the metastable 3P2 dark state, allowing for a high
repumping efficiency of e-state atoms without any additional repumping laser. In our
setup, we let the atoms interact with the 1389 nm light for a few ms during the time-
of-flight, which grants a repumping efficiency & 90%. This is estimated by exciting an
atomic sample in purely singly-occupied lattice sites to the e state (with a pi−pulse),
then shining the repumping pulse and comparing the measured number of atoms to that
of a non-excited g state sample. Before the repumping pulse, the atoms in the ground
state are blasted with a 100-µs-long pulse of imaging light during time of flight, so that
only the e state atoms are detected.
4.1. Inelastic e− g collisions
In a first experiment, we investigate the e−g losses by loading the atomic sample in a 3D
optical lattice with an average depth of s ' 29.7. The waiting times in the trap (before
the lattice loading) and in the lattice are adjusted in order to maximize the number of
doubly-occupied sites and at the same time minimizing the number of multiply-occupied
sites. The atoms in the |gg〉 state are then excited to the |eg〉 state by means of a 10-
ms-long pi-pulse of the clock laser selectively resonant with the |gg〉 → |eg〉 transition,
and after a variable holding time in the lattice the number of atoms in the e and in the
g states is measured. The collected data are reported in the two panels of figure 5 as
blue points and red points for the e and g states respectively, while the green points
represent the number of atoms in the g state without performing the excitation pulse
to the e state. The solid lines are exponential fits to the data as guides to the eye.
The data clearly show that atoms in the e state decay on a timescale of the order
of the second. To better understand this behavior, in figure 5b we compare the number
of atoms in the e state (in blue) to the difference between the number of atoms in the
g state without and with the clock laser pulse (in gray). At short times, this difference
is equal to the number of atoms in the e state, as can be reasonably expected. On
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Figure 5. Inelastic e − g collisions have been investigated by exciting atoms in the
|gg〉 state to the |eg〉 state by selectively addressing the |gg〉 → |eg〉 transition in a
3D optical lattice (s = 27.5). a) The number of atoms remaining in g after the clock
pulse (red) is compared with the number of atoms in the absence of clock excitation
(green) as a function of the holding time in the lattice (the slow decay of the green
points shows the finite single-particle lifetime in the lattice). Lines are exponential fits
of the experimental data that must be intended as guides to the eye. b) The number
of atoms detected in the e state (blue) is shown as a function of the holding time in
the lattice after the excitation of the transition. This number is compared with the
difference between the number of g atoms without and with the clock excitation (gray),
which displays an approximately time-independent behavior. The solid blue line is an
exponential fit of the experimental data.
longer timescales of the order of 1 s, instead, while the atoms in the e state are lost,
the difference between the g atoms without and with the excitation is approximately
constant, implying that the losses in the e state are not caused by inelastic collisions
with g atoms, otherwise this difference should have increased blue(the small decrease
could be attributed to the finite single-particle lifetime of the atoms in the lattice). The
decay rate γ = 1/τ of the atoms in the e state can be estimated with an exponential fit
to the data, obtaining 0.66(0.06) s−1. This timescale is comparable with the tunneling
rate ∼ 1 Hz at the lattice depth of the experiment, suggesting that the e atoms, initially
in lattice sites with g atoms, could be lost after tunnelling to neighboring sites via
e− e inelastic collisions. Since the timescale of the observed losses is determined by the
tunnelling time before the actual interaction events, it is difficult to extract a reliable
e− e loss rate coefficient from those data.
Nevertheless, the observed dynamics allows us to give an upper bound to the
e − g inelastic loss rate coefficient. Two-body e − g losses would be described by the
rate equation n˙g = −βegneng = −γegng, where βeg is the density-dependent loss rate
coefficient. Requesting γeg = βegne  γ and determining the in-site density ne from the
calculated Wannier functions in the 3D lattice, we obtain
βeg  10−14 cm3/s . (8)
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Figure 6. Number of e atoms (in blue) and g atoms (in red) as a function of the
holding time in the lattice after a clock excitation pulse in an 1D lattice. The red line
represents the mean value of g atoms, while the blue line is the result of a fit to the e
data with the model in equation (9), assuming the scaling in equation (10).
4.2. Inelastic e− e collisions
A different strategy had to be implemented for the determination of the e− e losses. As
a matter of fact, we could not coherently excite a detectable number of atoms in the ee
state by means of pi-pulses on the |gg〉 → |ee〉 transition, possibly due to an insufficient
broadening of the two-photon transition. We then switched to a different geometry and
loaded the atoms in a 1D vertical optical lattice at a depth s = 27.5, obtaining an array
of 2D pancakes with a radial trapping frequency ω = 2pi × 34.5 Hz. A fraction of g
atoms is excited to the e state with a 10-ms-long pulse of clock laser light directed along
the pancakes plane, followed by a variable hold time in the lattice. Finally, the number
of atoms in the e and g states is measured. As shown in figure 6, the data exhibit
fast losses in the e state (blue points) on the ms timescale, while the g population (red
points) is constant (the red solid line represent the mean of the experimental data). On
this timescale, as seen in the previous experiment, other loss channels are negligible, so,
assuming only e − e 2-body inelastic scattering (that is the dominant loss mechanism
observed with different Yb and Sr isotopes, see e.g. Refs. [19, 13], and attributed to
principal-number-changing collisions), the losses can be modeled with the rate equation
n˙e = −βeen2e, where ne is the density of e atoms and whose solution is given by:
ne(t) =
(
1
ne0
− βeet
)−1
, (9)
where ne0 is the initial e atom density and βee is the 2-body loss rate coefficient. In order
to extract a value for βee from our data we developed a simplified theoretical model to
determine the density in the pancakes from the measured atom number. Starting from
the initial atom number Ng0 ' 180× 103 and density distribution of the sample in the
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optical dipole trap, we first determine the number of atoms in every pancake, assuming
no population redistribution during the loading of the lattice. We then consider the
density profile in the pancakes as a sum of a condensed part (∼ 20%) and a thermal
component at temperature TP ' 45 nK, as determined from the experimental time-
of-flight images integrated along the lattice axis. We also take into account the atom
number reduction due to the 3 s wait time after loading the pancakes. We calculate
the mean values of the density distribution in each pancake, and a final global average
density ng0 of the sample (before the clock excitation pulse) is determined by a weighted
average over the pancake distribution. We then assume a linear relation between the
atom number and the density (justified by the short timescale of the excitation), so that
the e-state density ne(t) after the clock laser excitation can be determined as
ne(t) =
ng0
Ng0
Ne(t) (10)
where Ne(t) is the measured number of atoms in the e state. Using this relation, we
convert Ne(t) into a density ne(t) and fit it with equation (9), from which the parameter
βee can be determined as
βee = 1.6(0.8)× 10−11 cm3/s, (11)
to which we attribute a conservative error due to the several assumptions in our
theoretical model. The blue line in figure 6 is the result of the fit, converted back
to atom number following the scaling of equation 10.
5. Conclusions
In conclusion, we have performed high-resolution spectroscopy of a Mott insulator of
ultracold 174Yb bosons in a 3D optical lattice by exciting them on the ultranarrow
1S0 → 3P0 clock transition. The metrological character of the transition and the narrow
spectroscopic signals that we have demonstrated allow for the characterization of the
Mott insulator state and for the determination of the lattice sites occupancies.
Our spectroscopic resolution allowed us to precisely determine the scattering
lengths for e − g and e − e collisions in ultracold 174Yb atoms, that were previously
unknown. These results are important in quantum information and quantum simulation
applications, as well as for the development of optical lattice clocks based on bosonic
isotopes of two-electron atoms, where the simpler internal structure (due to the absence
of a nuclear spin) could provide advantages over the more commonly used fermionic
isotopes.
We have also detected the effect of inelastic collisions involving the atoms in the
e state. While the observed lifetimes appear to be severely limited by inelastic e − e
losses, no inelastic collisions in the e−g channel could be observed on the timescale and
with the sensitivity of our experiment. This system offers rich possibilities for quantum
simulation, for instance for the investigation of two-component Bose-Hubbard models
with different mobility of the species, e.g. for the study of impurity physics (a state-
dependent lattice can be used to freeze the motion of the e atoms in such a way to
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inhibit inelastic losses), or for the realization of dissipative lattice models when e − e
losses are taken into account.
On a more general perspective, the spectroscopic approach that we have employed
could be extended in future works to the use of the same ultranarrow clock transition to
probe excitation spectra of more complex quantum many-body states of either bosonic
or fermionic atoms with metrological accuracy.
Final note: During the completion of the work, we became aware of very similar
measurements performed by the BEC group at LKB [31], confirming our experimental
findings.
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